Senior Honors Project:  Mechanical Engineering Design Project by Hammett, Rachel Alain
University of Tennessee, Knoxville
Trace: Tennessee Research and Creative
Exchange
University of Tennessee Honors Thesis Projects University of Tennessee Honors Program
Spring 5-1996
Senior Honors Project: Mechanical Engineering
Design Project
Rachel Alain Hammett
University of Tennessee - Knoxville
Follow this and additional works at: https://trace.tennessee.edu/utk_chanhonoproj
This is brought to you for free and open access by the University of Tennessee Honors Program at Trace: Tennessee Research and Creative Exchange. It
has been accepted for inclusion in University of Tennessee Honors Thesis Projects by an authorized administrator of Trace: Tennessee Research and
Creative Exchange. For more information, please contact trace@utk.edu.
Recommended Citation
Hammett, Rachel Alain, "Senior Honors Project: Mechanical Engineering Design Project" (1996). University of Tennessee Honors Thesis
Projects.
https://trace.tennessee.edu/utk_chanhonoproj/166
Senior Honors Project: 
Mechanical Engineering 
Design Project 
Rachel Hammett 
Spring 1996 
Dr. Tom Broadhead 
Director of Honors Program 
May 8, 1996 
Engineering design is often a complex and confusing process. As a mechanical 
engineering student, I didn't have much exposure to the world of design until my senior design 
project. Most of my classes were theoretical or analytical without a lot of practical, "hands-on" 
training. Some of my classes did have projects which were useful in applying the theoretical 
knowledge, but most were limited in their scope because of time constraints. I also had some 
engineering internships which were mostly analytical or experimental in nature. F or these reasons, 
I was very excited when I began my senior design project. My previous analytical and theoretical 
training was useful since they are both important tools in the design process. The engineering 
design courses are an appropriate capstone to an engineering education. Through these two 
courses, I learned a tremendous amount about myself as well as engineering design. 
During the first semester of the design sequence, I learned some of the important steps 
that must be a part of a successful design process. Some of the most important aspects of the 
design process are a clear problem statement, idea generation, selection of one idea, development 
of the idea into a design, implementation of the design, and finally testing of the design. A 
common misconception is that the design process ends with the testing phase. In fact, the 
process is iterative, and it is only after the testing phase that changes can be made and the entire 
sequence begins again. Although there are many more steps in the design process, it was very 
helpful to study some of the most important aspects of the process. 
The second semester of the design sequence involves actual design work. The class was 
divided into teams of three or four people, and each team was assigned a design problem. These 
problems are sponsored by industry so they are representative of the types of problems that we, as 
engineers, will face in the business world. My team was composed of myself, Ned Vickers, Brett 
Karaus, and Tyler Anderson. Since I was one of two girls in my class (a phenomenon any girl in 
mechanical engineering experiences with regularity), the fact that I was the lone female on our 
team was not surprising. Our actual design work is detailed in our final design report; however, I 
would like to share some of what I learned about the engineering design process and about 
myself 
The goal of the second semester of the design sequence is to complete one iteration of the 
design process. This includes brainstorming several ideas, evaluating the different concepts, 
choosing the best concept, developing the concept into a workable design, building the design 
into a prototype, and testing the design. Most design programs at other schools do not include 
the building and testing phases, so I was able to gain additional experiences that engineering 
students at other universities do not have. After the final design review, I realized that the design 
process is truly iterative. We discovered several ways to improve or optimize our design 
throughout the building and testing phases. If we had the chance, we could have refined our 
design and built it again. I realized that this was also the case with several other groups. A few 
groups even discovered that there designs didn't meet the performance parameters that were set. 
They could, however, determine from their experiences what changes would accomplish their 
goals. One of the most exciting aspects of the design process for me was actually seeing our 
prototype and testing it. It was wonderful to see the results of hundreds of hours of work. I 
believe that is one of the reasons that I chose engineering as my discipline. I like to develop 
practical solutions to problems which is a primary goal of engineering design. It is especially 
exciting to see the solution in a tangible form. I also learned that the design process is extremely 
dependent on creativity. Creativity is a key factor during the idea generation phase. It is very 
important not to be limited to ideas that initially appear to be workable solutions. Often creativity 
can overcome obstacles which seem to make a concept impossible to implement. Also creativity 
is important in forming solutions to the problems that are invariably encountered during the design 
process. For instance, we had difficulty with our original testing method. Creative thinking 
helped us develop a new test strategy which was actually more effective. 
I also learned a tremendous amount about myself through our design project. I gained 
considerable knowledge and experience about working in a small team. It was a much different 
role for me since I am used to participating in fairly large groups. It was a new experience both to 
be a leader and a follower in the small group setting. I tend to enjoy being in charge, but this is 
definitely not always a good trait. I had to try to determine when it was beneficial to the group 
for me to be in control. Working in a team should be a selfless activity, and I think this is a 
difficult principle to adhere to for most people. I know that I often act based on selfish motives 
even when working in a team. I had to always be aware of my own motives while not 
second-guessing those of the other team members. Luckily, our team had great chemistry and 
we all enjoyed working together. I also became aware of my desire for perfection in all areas of a 
project. I really had to learn to prioritize the different parts of the project so that they could all be 
done well. There isn't enough time in a semester for a design project to be completely finished or 
even past the first iteration. Therefore, it is important to realize the extent to which different parts 
of the project need to be completed. I had to control my desire for all parts of the project to be 
completed perfectly. 
The design experience in mechanical engineering was a tremendous experience for me. I 
was able to develop a practical application for some of the theoretical knowledge I had learned. I 
really enjoyed the problem solving aspect of the design process. I also loved being part of a team, 
and some of the members have become some of my closest friends. The entire process allowed 
me to learn about engineering design, group dynamics, and myself Unfortunately, many students 
probably never have this type of experience in college. I hope that other programs will explore 
ways that these types of courses might be integrated into their curriculum. 
... . . 
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Background: 
Team Us is currently designing hvo new products that \vill enhance the next 
generation of Lexmark International, Inc. nehvork laser printers. A paper feeding 
mechanism known as an '''auto-compensator'' and a friction device on the bottom of the 
paper tray will help to eliminate paper feeding errors by providing for a fast, continuous 
paper feed without the problem of multiple sheet feeds. 
As stated above, the first product involves the redesign of the auto-compensator. 
The current design can be improved by reducing the feed ann "settling time. ~~ The 
settling time refers to the time the ann needs to return to the paper stack after feeding a 
sheet of paper into the printer and be sufficiently stable to feed the next sheet of paper. 
The settling time specifies that the ann will be in the correct position to feed paper 
within 0.3 seconds. When this specification is achieved., consecutive sheets of paper feed 
very quickly 'which reduces printer idle time. The net result is that the printing capacity 
of Lexmark printers will be greatly improved. This is important since the printer is to be 
used in a high-volume, commercial environment where print speed and paper capacity 
are very important. 
It has been found that a friction device must be used to hold the last sheet of 
paper in the tray in order for the auto-compensator to work effectively without multiple 
sheet feeds. The current configuration involves a 3 mm friction strip placed directly 
under the auto-compensator feed roller. The friction strip is recessed in the tray to allow 
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the last sheet to feed. As problems have been encountered \vith the current design, it has 
become necessary to develop and analyze alternative designs. Of particular interest in 
the proposed design is low cost and no user interface. 
Team Us's two new products will result in several benefits to the network printer 
user. A fast, continuous paper feed \vith no multiple sheet feeds insures a high capacity 
and a reliable network printer. The paper \vill be easy to load, and the operator will not 
come into direct contact with the device during normal paper loading, therefore the 
number of operators and their level of training should not be a factor in the devices 
performance. The improvements insure the consumer of a more reliable and improved 
product for the same investment. 
Conclusions: 
The ratcheting limiter design evolved from an idea for limiting the total distance 
the arm \vouid travel during the cycle of the paper feed. Lexmark required the ann to be 
able to move at least 1 cm. above the current top sheet of paper. Limiting the arm 
movement has the distinct advantage of greatly reducing the drop time between sheet 
feeds. 
The first problem encountered involved assessing the current height of the paper 
stack in the tray. Many different sensing methods were suggested, but all were 
complicated and/or expensive. An inexpensive passive method was required, but it was 
desired to not have any additional objects come into contact with the paper stack. This 
restriction led to the ratcheting limiter design. It a11o\vs the arm to automatically adjust to 
the changing paper height. The design is simple, requires few parts, and does not require 
a modification of the current methods of arm operation. The design also minimizes the 
time between the end of the last fed sheet and useable contact with the next sheet to be 
fed. The ratchet design cut the total settling time from approximately 0.7 seconds to a 
range ofbel\vecn 0.07 seconds to 0.25 seconds, \vith the former representing the best 
case of a paper height in which the paw'l has just engaged the next ratchet tooth, and the 
latter representing the worst case in which the paw-I is close to engaging the next ratchet 
tooth. The performance of the modified autocompensator arm shows a distinct 
improvement over the performance of the unmodified arm. Appendices A and B contain 
diagrams of the ratchet design and its details of operation. 
The second part of the design project involved the design of a friction device to 
eliminate multiple sheet feeds. In order to meet the requirements of low cost and no user 
interface, our friction device proposal involves utilizing a .010 in. thick, 4.1 in. tong, 0.5 
in. wide steel membrane, called a snap-through buckler~ that inverts w"hen the normal 
force acting on it reaches 125 grams. The w"idth of the snap-through buckler prototype 
\vas limited due to machining restrictions, but reducing the width ,,,ould aHo\v a 
reduction in the length of the buckler. A friction pad is attached to this buckler, 'which is 
placed directly below the pick roll. As the feed ann attempts to "'bUI)"" itself, the force 
inverts the buckler, allo\ving the last sheet of paper to feed. The buckler can then be 
reset upon tray removal. Although this device \vas difficult to hand build with the 
required precision, it ,vi11 be relatively simple to integrate into the current tray design and 
to manufacture on a large scale basis. This solution, therefore, best satisfies all design 
requirements. Appendix C contains dra\vings of the friction device solution. 
" 
Discussion: 
Evolution of Design: 
At the beginning of the design process, the problem of reducing the arm's settling 
time \vas seen as twofold. First, the arm could be driven dO'wn faster~ secondly, energy 
could be dissipated upon the arm's impact upon the paper. By combining the solutions to 
each of these problems, the time for the arm to reach the proper position to feed paper 
\vould be greatly reduced. 
Originally, three ideas emerged to solve the problem of driving the arm do\vn 
faster. Team Us investigated the possibility of driving the gears during the fall, changing 
the weight and inertia properties of the arm, and using a spring to pull or push the aml 
do\vn. Driving the gears during the fall of the arm \vould cause the arm to fall faster, but 
it would require additional power consumption. It was also difficult to determine exactly 
how much time would be gained by driving the gears during the fall. Team Us had a 
concern that time gained \vould not merit the additional power consumption. The idea of 
changing the weight and inertia properties was feasible, but the requirement of 5 to 15 
grams of force on the paper had to be maintained. The idea of using a spring to push or 
pull the arm down seemed to provide the greatest time advantage without altering the 
properties of the arm. 
T ealn Us developed five concepts for dissipating energy upon the arm's impact. 
First, pivoting the arm \vas explored. Upon impact~ the ann could bend and dissipate 
energy. The pivot would have to contain a rubber stop in order to maintain the rigidity of 
the arm during the paper feeding operation. The additional pivot in the arm would 
reduce the rigidity of the system which Team Us decided to avoid if it was possible. 
Secondly, a "shock absorber" for the arm was designed. The shock absorber basically 
consisted of a slot in the arm in which the \\'heel axle could move. The slot would also 
contain rubber to absorb the impact energy. Again~ the shock absorber would reduce the 
system rigidity. The third idea consisted of putting flexible hubs inside the tires. The 
spoked hubs \vould be able to flex and absorb the impact energy. Team Us had a concern 
that the flexible hubs would be susceptible to t\visting during the paper feeding operation. 
The fourth idea \vas very similar except that it consisted of a flexible axle. Although this 
idea \vould absorb the impact energy~ Team Us thought that the possibility of the flexible 
members bending was undesirable. This could cause the paper not to feed properly 
\vhich is a serious problem. The final concept that Team Us explored was the possibility 
of a damper that dissipated energy through friction. Since most of the 4Jounce'~ problem 
exists \-vhen the paper level is lo\v, the damper \vouid only come into contact with the 
arm \vhen it was near this level. The damper would consist of a piece of spring steel 
mounted at an angle below the ann and \vould progressively increase the ann damping 
friction as the ann approached the bottom of the tray. Although this idea would 
dissipate the impact energy, it is a trade-off because the ann would fall slightly slower. 
As Team Us discussed \vhich ideas to use, another concept emerged. The 
idea of limiting the motion of the arm came from a concept for driving the arm dO\\l1 
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faster. When Team Us considered the problem of where to place the second spring, the 
question arose as to why the ann had to rise approximately one centimeter to ensure 
proper paper feeding. An idea then emerged to place the spring one centimeter above the 
paper height. Team Us also considered a rigid stop to limit the motion of the arm but 
decided a spring could limit the motion and provide an additional force to drive the arm 
down faster. This idea \vould \vork very well when the paper tray was full but as the 
paper level dropped, the motion limiter became less effective. Since the bounce problem 
occurred mainly when the paper level was low, Team Us looked for a \vay to implement 
the motion limiter for every paper height. By finding a way to limit the motion of the 
arm over the entire cycle of paper heights, the arm would never rise more than one 
centimeter above the paper height. This \vould greatly reduce the time it took the arm to 
fall and settle. According to the analytical" computer model, the fall time was reduced by 
half. Since the arm falls such a short distance, the bounce problem \vas also virtually 
eliminated. The idea of limiting the motion of the arm over the entire cycle of paper 
heights would reduce the fall time and the bounce, thus addressing both problems. The 
method by which Team Us proposes to achieve this is by using a ratchet and pawl 
mechanism. This mechanism allows the arm to only rise one centimeter while it can 
still fall freely. 
At the beginning of the design process, several ideas for solving the friction 
pad problem emerged. The concept of making the friction pads lIdisappearll when the last 
sheet of paper was fed \vas the main element of the proposed solutions. 
One solution that \vas proposed was a frictional roller. The roller would 
remain stationary through normal paper feeding operations. When the feed ann attempts 
to feed the last sheet of paper and begins to bury itself, the additional force w'ould initiate 
the roller movement allo\ving the paper to feed. One concern of this design was the 
ability to ensure that the roller did not begin to move before the last sheet was fed. If the 
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roller began to move during normal paper feeding operations, pack feeds \\iould result. 
Another concern was the cost of a device such as a frictional roller. 
Another idea that emerged \-vas a spring-loaded slide that \\-ould cover the 
friction pads when the fced arm exertcd the additional force as it tried to feed the last 
sheet of paper. One problem with this design \vas that the device seemed to get more 
complicated as it \vas explored. Another problem \vas the task of resetting the slide \vhen 
the paper was reloaded without requiring the operator to reset the slide. 
The concept of removing the friction pads from contact with the feed arm was 
explored further after the slide idea. The solution of using a buckler emerged. The snap-
through buckler \vould need to be bi-stable and designed to only buckle under a kno\vn 
load. An analysis \vas conducted to determine the proper thickness, length, and \vidth of 
the buckler. The design \vas simple and cost effective. A friction pad would be placed 
on top of the buckler. When the feed arm starts to bury itself, the additional force would 
cause the membrane to buckle and the friction pads would no longer be in contact \vith 
the feed arm tires. Since this design \vas both innovative and practical as well as meeting 
the design requirements, it became the final solution of Team Us. 
Computer ~Iodel: 
Since the primary problem to be addressed in this design \vas to decrease the 
settling time of the auto-compensator arm, one of the first steps in the design process \vas 
to mathematically model the fall of the arm. To accomplish this, the equation of motion 
of the arm \vas derived by setting the sum of the torques applied to the arm by gravity and 
the attached spring equal to the product of the total inertia of the ann and the angular 
acceleration of the arm. Lagrange ~ s equation \vas used in developing this equation. The 
equation developed for the torque on the arm due to gravity was: 
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Tw W(Lcg*cos 0) 
where all variables are defined in the sketch of the auto-compensator arm, Fig. 2, 
Appendix D. The equation for the torque applied to the ann by the attached spring was: 
[ 
)' c-I )1.[( LsgX Lsa)sin(0sg + (0 - 0sa)) 'J 
Ts = K~ Ls- LSfree r 
Ls 
-where ... 
I 
Ls = (Lsg.2 + Lsa.2 - 2(LsgXLsa)cosa] 2 
\vith the variables once again defined in Fig. 2. Lagrange ~ s equation then yielded the 
follo\ving equation of motion: 
\vhere R for each gear denotes the distance from the center of the respective gear to the 
pivot point of the arm. (The center of gear 1) Please see Appendix F for a detailed 
derivation of the motion equation, as well as a list of symbols used. 
Since the equation of motion of the arm is a non-linear differential equation, it 
can not be solved in closed form. A BASIC program developed by Dr. Frank Speckhart 
that uses a fourth order Runge-Kutta method was modified to solve the equation of 
motion for the system (Appendix I). This computer model allowed Team Us to analyze 
the effects of changes in the model quickly, without the need for physically altering and 
testing the model. Although the accuracy of the computer model \vas limited by several 
factors, including the omission of damping in the system and the system~s sensitivity to 
changes in the total inertia, it provided valuable information regarding the ret~ive effec~s 
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of changes to the arm. In fact, it was the computer model that alerted us to the fact that 
small changes in the inertia of the arm could make a signi licant di fference in the faU 
time. 
Several variables were analyzed using the computer model to determine their 
relative effects on the fall time of the arm. The optimum values for each of these 
variables were predicted from the performance trends determined by the model with the 
goal of minimizing the fall time of both the 83mm and 128mm arms while meeting the 
design specifications outlined in the Background section. The follo\ving table contains a 
list of optimum values for both the long and short arms along with performance of each 
configuration. as predicted by the computer model developed by Team Us. Please see 
Appendix G for variable trends. 
Ratchet Design: 
The ratcheting limiter design adds a ratchet \"'heel, a pawl, and a cam to the 
current design. The pawl is attached to the arm, and spring loaded to produce constant 
contact \vith the ratchet \vheel. The cam is rigidly attached to the arm pivoting shaft The 
ratchet wheel is free to spin on the arm pivoting shaft, but its movement is limited to 5.5 
degrees for the long arm, and 8.1 degrees for the short arm (the amount necessary to 
allo\v the end of the arm to move 1 cm. vertically for each case). The ratcheted arm is 
lightly spring loaded to one side of its allo\ved movement. 
During operation, the arm \vill feed the paper, and rise until the pawl meets the 
nearest notch on the ratchet \vheel. 1v10vement of the arm will then be limited to the 
rotational maximum of the ratchet wheel. This \\111 alIo\v the end of the arm to move 1 
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em plus the distance to engage the paw] in a notch on thc ratchet wheel. The maximum 
distance the arm is a110wed to travel can ahnost be reduced to the distance the ratchct 
wheel can pivot by decreasing the distance between ratchet wheel notches. 
The pawl must be disengaged before the arm can be raiscd~ to allow for paper tray 
removal. This is accomplished by the cam attached to the pivoting shaft. The shaft begins 
to pivot, the cam contacts the pawl, and the pawl is lifted away from the ratchet w'heel. 
The pivoting shaft then contacts the arm lifting stop, and lifts the arm out of the paper 
tray travel area. When the arm is lowered to the paper level, the arm \\Jill contact the 
paper before the paw-} is re-engaged with the ratchet wheeL 
This system \vill operate and recover for any paper height, and \vill work for any 
arm length. The arm is minimally affected by the weightiinertia of the pawl and the 
friction bet\vecn the paw-l and the ratchet \vheel. 
Ratchet Cam Design Integration Into Current Arm Design 
The ratchet pawl, and lifting cam \vill be molded from De1rin CL. One side of the 
arm casing will be slightly modified. The arm mold win be modified to include a small 
shaft, perpendicular to the side, as the mountipivot of the pawl The support 
casing/gearbox for the arm 'will also need to be modified. The clearance bet\veen the side 
of the arm and the casing at the arm pivot will need to be increased to accommodate the 
\vidth of the ratchet and cam. The ratchet will have a small diameter shaft molded or 
inserted into the ratchet. The casing will have a small slot for the shaft from the ratchet to 
mate into. This slot will allo\N the shaft from the ratchet to move the required 5.5°. A 
small spring to bias the ratchet "vin be attached to the shaft from the ratchet, and 
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anchored to the casing. Appendices A and B contain diagrams and dra\vings pertinent to 
the ratchet design and operation. 
Testing of Ratchet Arm Design: 
Since the purpose of this design was to reduce the settling time of the ann, a 
testing method which provided an accurate method for measuring the settling time of the 
arm \vas required. This was accomplished by dropping the arm and recording a sound 
history. The arm \vas lifted with a metallic object and \vas dropped when another object 
struck the metallic object. The ringing sound produced, \vhich represented the exact 
time of release, was recorded by a microphone that was p1aced at the bottom of the paper 
tray. The microphone also recorded the sound each bounce produced \vhen the tires hit 
the paper. The software, Creative Wave Studio, which captured the sounds from 
microphone \vas used to vie\v the sound history. The settling time was determined by 
measuring the time between the release and the last bounce. Ten baseline tests were 
conducted to measure the performance of the original long arm. The results of these tests 
measured the settling time within a range of675 to 783 milliseconds. Ten tests were 
then performed for the modified arm with the ratchet iq 1\vo positions. These 1\vo 
positions represented the best and worst possible ratchet positions relative to the settling 
time. The best case results yielded a settling time in the range of 62 to 78 milliseconds 
while the \\lorst case settling time \\las within a 227 to 263 millisecond range. Obviously, 
even the worst case shows a tremendous improvement in the arm settling time and is \\lell 
\vithin the desired range of 400 milliseconds. Appendix E contains more specific test 
results and comparisons of each of the tests. 
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Friction DCl'icc Design: 
The solution proposed for the friction de\'icc is one that prevents multiple sheet 
feeds and requires no user interface. Th~ solution involves the usc of a membrane, 
kno\\n as a snap-through buckler, \vhich win invert wnen the normal force acting onit 
reaches a specified value, thus removing the contact between the friction pad and the last 
sheet of paper to be fed. The snap-through buckler can then be reset upon tray removal 
The construction of this device involved the use of feeler-gauge sheet steel supported at 
the ends with roll pins to supply the required amount of compression to allow buckling. 
A spread sheet was utilized to obtain values of feeler-gauge width, thicl\'TIess, and length 
to use in testing the device. The feeler gauge used had a constant \\'idth of 0.5 in., as the 
machining process utilized by Team Us did not lend itself to altering gauge \vidth. At this 
width, the prototype tested required a thickness of 0.010 in. and length of4.10 in. 
The required length, ho\vever, interferes with the positioning of the feed arm. A 
more robust design would require a reduction in feeler-gauge \\idth, thus allowing a 
reduction in length. The model tested produced favorable results in that it eliminated 
multiple sheet feeds. Team Us is confident that this method of eliminating multiple sheet 
feeds is effective and should be studied further. Appendix C contains drawings of the 
friction device design. 
Testing of Friction Device: 
Testing was performed on the snap-through buckler friction device using 1\vo 
methods. The first tests were performed to determine the force under which the buck1er 
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would snap through. Through these tests. it became apparent that the force required to 
snap the buckler through varied with the location of the applied load. 1t became 
important. therefore, to app1y the load at the position that the autocompcnsator's tires 
\vould be in contact with the buckler. Using these tests. it was determined that a buckler 
with a thickness of.O 1 0 inches, and a free length of 4.1 inches would .. snap-through ..... 
from an initial deflection of 0.25 inches under a force of 125 grams (1.23 N), which was 
within the desired force range of 120-150 grams (t.17-1.47 N). 
The second round of tests performed on the membrane \vere simply performance 
test using the autocompensator arm to feed a range of paper stocks. The results of these 
tests were for the selected buckler, with the system feeding all paper stocks with no 
multiple sheet feeds. Additionally, the buckler remained in its upright position until the 
autocompensator arm began to "'bury" itself, at w-hich time the force on the buckler 
increased and the buckler snapped-through to its low position- thus removing the friction 
pad from contact with the autocompensator' stires. 
The results of both rounds of tests sho\ved that the snap-through buckler is a 
viable concept for the timely removal of the friction pad. 
Cost Analysis 
The additions and modifications could add no more than one dollar to the cost 
of the arm. Team Us conducted a cost analysis to ensure that this goal 'was met. The 
ratchet solution for the arm would only require three additional parts to be added to the 
feed arm: the ratchet. the pa\vl, and the lifting cam. Team Us submitted dra\\tings of 
these three parts to John ZanedelUi of :t'v1id-State Molding. He rendered cost estimates 
for each of the parts as well as tooling costs and lead time. He estimated that for a run of 
500~000 parts, the ratchet would cost either $0.06 or $0.08 apiece depending on the 
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tooling option chosen. The pawl would cost $0.045 apiece and the lifting cam would 
cost $0.045 apiece. According to these estimates. the design would only add $0.17 even 
if the tooling option chosen for the ratchet yidded the more expensive part. The 
membrane idea for the friction pad solution only added hvo ron pins and a piece of shim 
steel. A~cording to the price quoted by Industrial 'Belting and Supply, a piece of sbim 
steel the size of the lnembrane would only cost approximately $0.02. The roll pins wou1d 
cost approXllnately $0.02 apiece which adds $0.04 to the cost of the arm. The total cost 
added to the arm would therefore be $0.23 \vhich is well under the $1.00 lilnit which was 
specified. If the tooling costs are divided by 500,000, the additional cost per arm can be 
determined. From the estimates from i'v1id-State ~tolding, the tooling costs for the earn 
\vould be $30,000 which is $0.06 per arnl. The tooling cost for the pawl ,"'ould also be 
$30,000 'which again adds a cost of $0.06 per aml. The tooling cost for the ratchet could 
be $15,000 or $24,000 depending on the option chosen. \Vith the $15,000 option, the 
additional cost would be $0.03 per arm but the part would cost $0.08 for a total of$0.11 
per ann. With the $24,000 option, the additional cost ,,'ould be $0.048 per ann but the 
part would only cost $0.06 for a total of$0.108. The $24,000 option \vould therefore 
offer a slight cost savings. For 500,000 parts, the cost savings would be $1000. With the 
tooling costs included, the total costs added per aml would be $0.378. A more detailed 
explanation of the costs can be found in Appendix J. 
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Auto Compensator 
Tray Removal Sequence 
1) Cam disengages Pawl from Ratchet Wheel 
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Auto Compensator 
Tray Removal Sequence 
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Xl = LcrcosE) 
Tw = W(Lcrcos e) 
3) Calculate torque due to spring 
.05>1 
Figure 2 
Diagram of spring geometry 
-law of sines 
sina sinP sina 
--=--=--
Ls Lsg Lsa 
-law of cosines 
IS = Lsg2 + Lsa 2 - 2( Lsg XLsa) cosa 
-angles and perpendicular distances 
a = 8sg+(9-8sa) 
~ = sin-I [(Lsgtina ] 
X2 = (Lsa)sin~ 
-spring force *** Assume linear spring (F=kx) 
Fs = ~Ls- LSfiec) 
-torque due to spring 
Ts = [Ks(Ls- LSftee)r[(Lsa) sin J3] 
2 
Mathematical Model of Paper Feed Arm 
Figure 1 
Diagram of feed arm geometry 
1 ) Variables 
Team U. 
1-23-96 
ver. 1.0 
-Forces and Torques 
W = weight 
-Lengths 
-Angles 
Fa = force due to spring 
Tw = torque due to weight 
Ts = torque due to spring 
Leg = length from origin to center of gravity 
La = length of spring (stretched) 
Lsfree = length of spring (free) 
Lsg = length from origin to spring ground point 
Lsa = length from origin to spring attachment point on ann 
Xl = perpendicular distance from weight vector to origin 
Xl perpendicular distance from spring force '.'eCtor to origin 
e = angIe of ann with respect to horizontal reference ( variable) 
esa = angle from ann centerline to spring attachment on arm !origin line (constant) 
asg = angle from spring attachment to ground !origin line to horizontal ref (constant) 
a = angle opposite La (variable) 
J3 = angle opposite Lsg (variable) 
o = angle opposite Lsa ( variable) 
2) Calculate torque due to weight 
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Appendix I 
~O ,uM ... avat'runkut" '~" \' ~,~ r, 
.1 PI =' 3.14159 ~ 
~O REM This program uses a 4th order Runga-Xutta integration •• thod to .olv. ~ 
~o REM systems of first-order ordinary differential equations F. H. Spackhart 
~O DIM K{4, 80), Y(80), Z(80), YD(80), X(100) 
~1 LSG = .06: LSA = .023: W = .512: ITOT = .000236: LeG = .0622: LF = .031 
12 Xl = 29: THSG = 1.5707: THSA = .384: M = 0 'counter 
L4 1M = M + 1 'added loop 
t6 tITOT = ITOT + .00002 'change this when you change the loop 
>0 FOR I = 1 TO 80: Y(I) = 0: NEXT I 
>0 REM ********************************************************************** 
10 REM Enter initial conditions if different than zero 
30 Y(1) = .429' .0725 
}O REM T9 = Maximum time 
100 T9 = .3 
110 REM T8 is equal to the print interval 
L20 T8 = .002 
130 REM D1 = Increment of integration step size 
l40 Dl = .0005 
150 T8 = T8 I D1 
160 REM N = number of first order equations 
170 N = 2 
180 REM ********************************************************************* 
190 FOR I = 1 TO 80 
200 Z(I) = Y(I) 
210 NEXT I 
220 T7 = 9.000001E+09 
230 T = 0 
240 GOTO 470 
250 FOR J = 1 TO 4 
260 ON J GOTO 400, 270, 320, 360 
270 T = T + D1 * .5 
280 FOR I = 1 TO N 
290 Y(I) = K(l, I) * Dl * .5 + Z(I) 
300 NEXT I 
310 GOTO 400 
320 FOR I = 1 TO N 
330 Y(I) = K(2, I) * Dl * .5 + Z(I) 
340 NEXT I 
350 GOTO 400 
360 T = T + .5 * Dl 
370 FOR I = 1 TO N 
380 Y(I) = K(3, I) * Dl + Z(I) 
390 NEXT I 
400 GOSUB- 580 
410 FOR JK = 1 TO N 
420 K(J, JK) = YD(JX): NEXT JX 
430 NEXT J 
440 FOR I = 1 TO N 
450 Z(I) = Z(I) + Dl * (X(l, I) + X(4, I) + 2 * (K(3, I) + K(2, I») I 6 
460 NEXT I 
470 FOR I = 1 TO N 
480 Y(I) = Z(I) 
490 NEXT I 
500 T7 = T7 + 1 
510 IF T7 <= T8 - .0002 THEN 560 
520 T7 = 0 
530 REM ********************************************************************** 
540 PRINT USING "T=#-.#### Th= ###.## DEG ThD = #####.# ALPHA = ###.## It; Ti Y( 
1) I PI * 180; Y(2); ALPHA * 180 I PI ., 
.. \ 
41'PR'IKT USING "tSP= , •• ". tMG = ".".' tt = "·#-1.'" fPAPIR = ".U,,'·L8=, 
.• ,It i' TSPi TMGi -TSP + TMG; FP; LS * 100 
45 LPRINT USING "T=II."" Th= ", •• , Thl) = "",.. "; T; Y{l) I PI * 180; Y( ) ~ 
50 REM ********************************************************************** 
5S IF Y(l) ) .566 THEN S61 
60 IF T <= T9 THEN 250 
61 • PRINT" ITOT = "i ITOT I change this when you change the loop ****** 
62 ' PRINT USING "T=#.#### Th= ###.## DEG ThD = #####.# ALPHA = ## •. ## It; T; 
(l) I PI * 180i Y(2)i ALPHA * 180 I PI 
64 I PRINT USING fttSP= ##.### tHG = ##.### tt = ###.### fPAPER = ##.### LS 
#11.##"; TSPi TMGi -TSP + THGi FPi LS * 100 
,66 ' IF H <= 20 THEN 44 
)70 END 
)80 REM Start of a subroutine containing N first order differential equations58 
. SSIN = SIN(Y(3» 
182 ALPHA = THSG + (Y(l) - THSA) 
.84 LS = (LSG A 2 + LSA A 2 - 2 * LSG * LSA * COS(ALPHA» A (1 I 2) 
,85 TH = Y( 1) 
) 9 0 YD ( 1) = Y ( 2 ) 
>92 TSP = Kl * (LS - LF) * (LSG * LSA I LS) * SIN(ALPHA) 
)94 THG = W * LCG * COS(TH) 
i96 FP = (TMG - TSP) I (.083 * COS(Y(l» * 9.81 * .001) 
)00 'YD(2) = (W * LCG * COS(TH) - K1 * (LS - LF) * (LSG * LSA / LS) * SIN(ALPHA) 
I ITOT 
)05 YD(2) = (TMG - TSP) I ITOT 
)10 RETURN 
Appendix J 
Cost Analysis 
Based on 500,000 parts 
Part Cost of Tooling Lead Tilne Tooling Cost per Arm Cost of one part Cost Added per Ann 
Ann Additions 
Ratchet $15,000 10-12 wk $0.03 $0.08 $0.11 
Tooling Option A 
Ratchet 24,000 12·14 \vk 0.048 0.06 0.108 
Tooling Option B 
Pawl 30,000 10-12 wk 0.06 0.045 0.105 
Lifting Cam 30,000 10-12 wk 0.06 0.045 0.105 
Friction Device 
Shim Stock 0.02 0.02 
Roll Pins 0.02 004 
:r Of!1 Cost: $0.378 
Appendix K 
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Product Design Specification 
Team: Us 
Members: Tyler Anderson 
Rachel Hammett 
Brett Karaus 
Edward Vickers 
Version Number / Date: 5.1/ April 26, 1996 
Product Name or Description: Lexmark's Auto-compensator 
Summary Description (as required) 
There are currently two products being designed that will 
enhance the next generation of Lexmark International, Inc. network 
laser printers. A paper feeding mechanism known as an "auto-
compensator" and friction pads on the bottom of the paper tray will 
help to eliminate paper feeding errors by providing for a fast, 
continuous paper feed without the problem of multiple sheet feeds. 
The first product involves the redesign of the "auto-
compensator". The current design can be improved by reducing the 
feed arm "settling" time. The "settling" time refers to the time 
the arm needs to return to a stable position on the paper stack for 
feeding a sheet of paper. The "settling" time specifies that the 
arm will be in the correct position to feed paper within 0.3 
seconds. When this specification is achieved, consecutive sheets 
of paper feed very quickly which reduces the time that the printer 
is idle. The printing capaci ty of the Lexmark printers will 
therefore be greatly improved. The device is to be used in a high-
volume, commercial machine where design for minimal parts and cost 
will have a significant effect. 
The second product consists of a redesign of the current 
friction pads located at the bottom of the paper tray. Without 
friction pads, the coefficient of friction between the last few 
sheets of paper is greater than that between the last sheet of 
paper and the paper tray. This situation creates multiple sheet 
feeds. The friction pads eliminate this problem by creating a 
higher coefficient of friction between the last sheet of paper and 
the paper tray, however, the last sheet of paper can not overcome 
the increased friction and the feed arm stalls. The new friction 
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pads will ensure that the last pages feed separately while allowing 
the last sheet to feed smoothly. 
Section 1: Product Characteristics 
1.1 Features: Elimination of multiple sheet feeds while allowing 
the last sheet to feed correctly as well. Capability 
to handle large volumes of paper (up to 500 sheets) 
with minimum spacing between pages. Capability to 
feed a variety of paper weights. 
1.2 Performance: In order to meet the specified feed rate, the arm 
must have a "settling time" of 0.3 seconds. All 
parts and the housing should be able to withstand 
continuous use over a long period of time. The 
devices' longevity must meet or exceed the ability 
to print one million sheets which is the life of the 
laser printer. 
1.3 Product Cost Target: The redesign of the auto-compensator and 
friction pads will not add more than $1 to the 
cost of the current design. All parts, assembly, and 
any programming will be included in the total cost. 
For a prototype, design and testing procedures will 
add an additional cost. 
1.4 Quality / Reliability Targets: 
Maintenance: The devices should not require 
maintenance throughout the life of the 
printer. If a part of the device does 
fail, the device should be easily 
accessible for any necessary 
maintenance which will be performed by 
authorized Lexmark personnel. 
Performance: Devices should consistently feed the 
paper at a high rate without multiple 
sheet feeds. No more than 1 in 30,000 
sheets should be a multiple feed. The 
dev ices should be able to operate 
continuously to meet the requirements 
of use in a network laser printer. 
These standards should be maintained 
over the life of the printer, which is 
one million sheets. 
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1.5 Aesthetics: Not an important concern since the device is 
inside the printer where the consumer will not see 
it even during paper loading. 
1.6 Ergonomics: Use of the device should be transparent to the 
operator. Regardless of the number of operators or 
the level of their training, the device should 
maintain the same performance standards. It should 
be possible to load the paper without damaging the 
auto-compensator regardless of the user. The 
operator will not incur any damage from paper 
loading procedure. The assembly process should not 
cause any damage to the assembly technicians. 
1.7 Size: See attached sketches. The size shown is the 
maximum size because of space restrictions within 
the printer. 
1.8 Weight: Approximately SO grams. The weight must be within a 
range that maintains a normal force on the paper 
between 5 and 15 grams. 
Section 2: Product Life Specification 
2.0 Product Life Targets: 
Product life: The auto-compensator will exceed the 
life of the laser printer, which is 
one million sheets under normal use. 
Storage time: Product may be stored for an 
indefinite time period before 
delivery. 
Section 3: Customer Use Considerations 
3.1 Installation: Product will be pre-assembled. No installation 
is necessary by the consumer. 
3.2 Documentation: warranty information for entire printer under 
which the auto-compensator is covered. Other 
documentation applies to the entire laser printer. 
3.3 Maintenance: Customer should not need to perform any 
maintenance. 
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3.4 Disposal: No hazardous materials. Auto-compensator will be 
disposed of with the laser printer as covered in the 
owner's manual. 
Section 4: Development Considerations 
4.1 Development Time: Seven weeks to preliminary design 
completion. An additional seven weeks to working 
prototype and testing completion. 
4.2 Use Environment: Business offices, other commercial 
applications where a network laser printer is 
needed. The printer will be used in an environment 
where the temperature and humidity will remain in 
the specified ranges. 
4.3 Materials Used: Plastics, steel, rubber. No hazardous 
materials. 
4.4 Standards I Safety: Moving parts will be isolated from the 
user. UL standards on the motor and electrical 
components will be met. The UL standards are ULl007 
and UL3443. No gears can be exposed. 
4.5 Testing: During design phase, an analytical model will be used 
to test the different conceptual designs. After the 
prototype is built, extensive physical tests will be 
conducted to ensure that the arm meets all 
performance specifications. The tests will consist 
of a non-contact device which can measure the time 
the arm falls. A microphone will be used to capture 
the sound of the arm being clropped from a certain 
position and the subsequent bounces. This method 
provides a means for determining the arm drop time. 
4.6 Company Constraints: The cost will be under $11. The average 
electrical power must be less than 4 W (based on the 
duty cycle of the motor). The available peak power 
is 10 w. 
4.7 Patents I Legal: Proprietary technology. 
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Section 5: Manufacturing Factors 
5.1 Process Selections: Not applicable. 
5.2 Product Volumes: The design must be conducive to production of 
500,000 thousand units. 
5.3 Product Packaging: Product will be contained within the laser 
printer. Packaging will be the printer packaging 
which should provide sufficient protection against 
transport and other movement by people or machines. 
5.4 Product Shipment: Product will be shipped as a part of the 
complete printer. 
Section 6: Market Factors 
6. 1 Key Customer Characteristics: Product is primarily targeted at 
the business user who needs a high volume, network 
printer. The sex of the user is immaterial. The 
age of the customer is determined by the ability and 
need to operate a commercial printer. Education and 
income should not be factors for product usage. 
6.2 Competitive Conclusions: Benchmarking against other available 
commercial network printers. Product differs from 
other paper feeders because it eliminates multiple 
sheet feeds and feeds paper at a rate of 5.3 in/s. 
Product also differs from other paper feeders 
because it is able to handle a wider range of paper 
grades. 
6.3 Anticipated Market Window / Life: Market life for the printer 
should be several years due to a continual need. 
Product may change, however, to meet the 
increasingly competitive market demands. The 
printer should develop the capability to print pages 
faster which may require modifications to the auto-
compensator so that a faster feed rate can be 
achieved. 
Product Design Specification Page 5 
.. 
Lexmark's 
Auto-Compensator Arm 
Design Review 
Team Us ' 
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Presentation Outline 
e Introduction 
• Ratchet Design 
Description 
• Testing of Arm 
e Friction Pad 
Buckler 
.• Testing of Buckler 
• Cost Analysis 
e Demonstration 
e Conclusions 
Design Problems 
• Minimize" settling time" for long 
(500 sheet tray) and short (250 sheet 
tray) arms 
• Propose new idea for elimination of 
multiple sheet feeds 
Design Restrictions 
• Weight on paper must be between 5-15 
grams 
• Proposed designs can add no more than 
$1.00 to the manufacturing cost of the 
printer 
• Size of the arm may not be larger than the 
present design 
• Must exceed the life of the printer: one 
million sheets 
Evolution of Design for Reducing 
Settling Time of Arm 
• Began as two problems 
• Reducing the arm fall time 
• Reducing the bounce 
• Developed various concepts for 
reducing ann fall time 
• Developed various concepts for 
reducing the bounce 
• Concepts evaluated with computer 
model 
• Limiting the motion of the arm 
• Over entire cycle-of the paper height 
• Solves both probl~ms 
Evolution of Design for 
Friction Device 
• Wanted to make friction pads 
" disappear" 
• Various concepts 
• Frictional roller 
• Spring-loaded slide and friction pad 
• Membrane used as a snap-through 
buckler 
• Evaluation of concepts 
• Final design: snap-through buckler 
• Simple 
• Low cost 
• Eliminates multiple sheet feeds and 
allows last sheet to feed correctly 

Whee\ l\ffi\ter 
Wheel Limiter Slot 
. Ratchet Wheel 
POW \ 
Cam Lift i 1\ g P i 1\ 
Pawl Lifting Cam 
R a t.c h e t 
Wheel 
L imi ter 
Ratchet Wheel--- Pawl 
Arm Lifting Pin 
Paw I L i f tin g Cam 
L i f tin g Cam 
Auto Compensator 
Auto Compensator 
Tray Removal Sequence 
1) Cam disengages Pawl from Ratchet Wheel 
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Modified Arm Testing 
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o Performance Tests 
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Design Requirements for 
Friction Device 
• Low Cost 
• N aU ser Interface 
• Long Lasting 
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Friction Device Testing 
o Applied Load Tests 
o Petformance Tests 
~ 
• 
Snap-Through Buckler 
Test Dimensions 
.. Free Length - 4.1 inches 
• Thiclmess - 0.010 inches 
• Width - 0.5 inches 
.. Compressed Length- 4.02 inches 
Cost Analysis 
Based on 500,000 parts 
Port Cost ofToo1ing Lead Time Tooling Cost per Anll Cost of one pal1 Cost Added per Ann 
Ann Additions 
Ratchet $15,000 10-12 \vk $0.03 $0.08 $0.11 
Tooling Option A 
I 
Ratchet 24,000 12-14 wk 0.048 0.06 0.108 
T poling Optiop B 
l't' 
Pawl 30,000 10-12 wk 0.06 0.045 0.105 
. 
. 
Lifting Cam 30,000 10-12 wk 0.06 0.045 0.105 
Friction Device 
, 
Shim Stock 0.02 0.02 
Roll PillS 0.02 0.04 
Tob}1 Cost: $0.378 
, . 
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Background: 
Team Us is currently designing two ne\v products that \vi11 enhance the next 
generation of Lexmark International, Inc. network laser printers. A paper feeding 
mechanism kno\vn as an "auto-compensator" and a friction device on the bottom of the 
paper tray will help to eliminate paper feeding errors by providing for a fast, continuous 
paper feed \vithout the problem of mUltiple sheet feeds. 
As stated above, the first product involves the redesign of the atJt.o.-cG.mpensator. 
The current design can be improved by reducing the feed arm "settling time." The 
settling time refers to the time the arm needs to return to the paper stack after feeding a 
sheet of paper into the printer and be sufficiently stable to feed the next sheet of paper. 
The settling time specifies that the arm \vi11 be in the correct position to feed paper 
\vithin 0.3 seconds. \Vhen this specification is achieved, consecutive sheets of paper feed 
very quickly \vhich reduces printer idle time. The net result is that the printing capacity 
ofLexm.ark printers \vin be greatly ilnproved. This is important since the printer is ~0 be 
used in a high-.volume, commercial environment vvhere print speed and paper capacity 
are very I1nportant. 
It has been found that a friction device must be used to hold the last sheet of 
paper in the tray in order for the auto-c0111pensator to \vork effectively \vithout mUltiple 
sheet feeds. The current configuration involves a 3 mln friction strip placed directly 
under the auto-compensator feed roller. The friction strip is recessed in the tray to allo\v 
the last sheet to feed. As problems have been encountered \vith the current design, it has 
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become necessary to develop and analyze alternative designs. Of particular interest in 
the proposed design is low cost and no user interface. 
Team Us's tv~ro nev~' products will result in several benefits to the network printer 
user. A fast, continuous paper feed with no multiple sheet feeds insures a high capacity 
and a reliable network printer. The paper \vill be easy to load, and the operator \vill not 
come into direct contact \vith the device during normal paper loading, therefore the 
number of operators and their level of training should not be a factor in the devices 
performance. The improvements insure the consumer of a more reliable and improved 
product for the same investment. 
Conclusions: 
The ratcheting limiter design evolved from an idea for limiting the total distance 
the arm \vould travel during the cycle of the paper feed. Lexmark required the ann to be 
able to move at least 1 cm. above the current top sheet of paper. Limiting the arm 
movement has the distinct advantage of greatly reducing the drop time between sheet 
feeds. 
The first problem encountered involved kno\ving the current height of the paper 
stack in the tray. T\1any different sensing methods were suggested, but all ",vere 
complicated and/or expensive. An inexpensive passive method was needed, but the 
decision \vas made to not allo\v any other objects to come into contact \vith the paper 
stack. This limitation led to the ratcheting limiter design. It allo\vs the arm to 
automatically adjust to the changing paper height. The design is simple, requires fe\v 
parts, and does not require a modification of the current methods of operating the arm. 
The design also minimizes the tilne behveen the end of the last fed sheet and useable 
contact with the next sheet to be fed. Appendix A contains diagrams of the ratchet 
design and its sequence of operation. 
In order to meet the requirements oflo"v cost and no user interface, our proposal 
involves utilizing a membrane that "vill invert when the normal force acting on it reaches 
a specific value. A friction pad "vill be attached to this melnbrane, which "vin be placed 
directly belo"v the pick roll. As the feed arm attempts to 4'bury" itself, the force "vill 
invert the membrane, allo"ving the last sheet of paper to feed. The membrane can then be 
reset upon tray removal. This solution best satisfies an design requirements. 
Evolution of Design: 
At the beginning of the design process, the problem of reducing the arm's settling 
time was seen as twofold. First, the arm could be driven do"vn faster; secondly, energy 
could be dissipated UPo.n the arm's impact UPo.n the paper. By combining the solutions to 
each of these problems, the time it took the arm to reach the proper position to feed paper 
\-voul d be greatly reduced. 
Originally, three ideas emerged to solve the problem of driving the arm dO'vVn 
faster. Team Us investigated the possibility of driving the gears during the fall, changing 
the 'weight and inertia properties of the ann, and using a spring to pun or push the arm 
dov~'l1. Driving the gears during the fall of the arm \-vould cause the arm to fall faster, but 
it \-vould require additional pO\Ner consumption. It \-vas also. difficult to determine exactly 
ho\-v much time \-vould be gained by driving the gears during the fall. Team Us had a 
concern that time gained 'would not merit the additional po"ver consumption. The idea of 
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changing the weight and inertia properties was feasible, but the requirement of 5 to 15 
grams of force on the paper had to be maintained. The idea of using a spring to push or 
pul1 the arm dovvn seemed to provide the greatest time advantage \vithout altering the 
properties of the arm. 
Team Us developed five concepts for dissipating energy upon the arm's ilnpact. 
First, pivoting the ann \vas explored. Upon impact, the arm could bend and dissipate 
energy. The pivot \vould have to contain a rubber stop in order to maintain the rigidity of 
the arm during the paper feeding operation. The additional pivot in the ann \vould 
reduce the rigidity of the system vvhich Team Us decided to avoid if it \vas possible. 
Secondly, a "shock absorber" for the ann "vas designed. The shock absorber basically 
consisted of a slot in the ann in "vhlch the "vheel axle could lTIOve. The slot \vould also 
contain ruhber to absorb the impact energy. Again, the shock absorber \vould reduce the 
system rigidity. The third idea consisted of putting flexible hubs inside the tires. The 
spoked hubs ·would be able to flex and absorb the impact energy. TemTI Us had a concern 
that the flexible hubs 'vvould be susceptible to bending due to torsion during the paper 
feeding operation. The fourth idea 'vvas very similar except that it consisted of a flexible 
axle. Although this idea would absorb the impact energy, Team Us thought that the 
possibility of the flexible members bending \,vas undesirable. This could cause the paper 
not to feed properly \vhich is a serious problem. The final concept that Team Us 
explored \vas the possibility of a damper that dissipated energy through friction. Since 
most of the "bounce" probleln exists 'vvhen the paper level is lo\v, the damper would only 
come into contact \vlth the ann when it \vas near this level. The damper \vould consist of 
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a piece of spring steel mounted at an angle below the arm and would progressively 
increase the arm damping friction as the arm approached the bottom of the tray. 
Although this idea would dissipate the impact energy, it is a trade-off because the arm 
'would fall slightly slo\ver. 
As Team Us discussed which ideas to use, another concept emerged. The idea of 
limiting the motion of the ann Calne fr01n a concept for driving the ann down faster. 
When Teatn Us considered the problem of where to place the second spring, the question 
arose as to \-vhy the ann had to rise approximately one centilneter to ensure proper paper 
feeding. An idea then emerged to place the spring one centilneter above the paper 
height. Team Us also considered a rigid stop to limit the Inotion of the ann but decided a 
spring could limit the motion and provide an additional force to drive the ann do"vn 
faster. This idea \-vould \-vork very \-ven \-vhen the paper tray \-vas full but as the paper 
level dropped, the Inotion lilniter beCatl1e less effective. Since the bounce proble1n 
occurred mainly \-vhen the paper level "vas lo"v, Tearn Us looked for a vvay to imple111ent 
the motion limiter for every paper height. By finding a "vay to limit the motion of the 
arm over the entire cycle of paper heights, the ann 'would never rise more than one 
centimeter above the paper height. This \-vould greatly reduce the time it took the ann to 
fall and settle. According to the anal)1ical computer model, the fall time was reduced by 
half. Since the arm falls such a short distance, the bounce problem "vas also virtually 
eliminated. The idea of limiting the motion of the arm over the entire cycle of paper 
heights "vould reduce the fall time and the bounce, thus addressing both problems. The 
method by "vhich Team Us proposes to achieve this is by using a ratchet and pawl 
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mechanism. This mechanism al10ws the arm to only rise one centimeter whi1e it can 
still fall freely. 
Computer l\1odel: 
Since the primary problem to be addressed in this design was to decrease the 
settling time of the auto-compensator arm, one of the first steps in the design process \-vas 
to mathematically mode1 the fa11 of the arm. To accomplish this, the equation of motion 
of the arm was derived by setting the sum of the torques appl ied to the ann by gravity and 
the attached spring equal to the product of the total inertia of the ann and the angular 
acceleration of the arm. Lagrange's equation \vas used in developing this equation. The 
equation developed for the torque on the arm due to gravity \vas: 
Tw =- vV(Lcg"* cos e) 
"vhere an variables are defined in the sketch of the auto-compensator arm, Fig. 
Appendix D. The equation for the torque applied to the ann by the attached spring "vas: 
~ f 's(T )' ,I (Lsg)( Lsa) sin( esg + (e - esa)) I 
I S = K LS - LSfree 1* I 
..' 'L Ls J 
-\vhere ... 
Ii 
Ls [Lsg2 + Lsa2 - 2(Lsg)(Lsa)cosa y2 
with the variables once again defined in Fig. 2. Lagrange's equation then yielded the 
fono'wing equation of motion: 
~ r aT l- (' 2 -L T 2 2 ) ~ 
, L ',rRr 1- Iframe + Igear2 + Mgear2Rgear2 I L gear 3 + Mgear3Rgear3 + Igear4 + Mgear4Rgear4 ~ dt a~ J - - - - - - --
-(1 ~ gear2 d ~ 
L 
T\\ -
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'where R for each gear denotes the distance from the center of the respective gear to the 
pivot point of the arm. (The center of gear 1) Please see Appendix D for a detailed 
derivation of the motion equation, as \-vell as a list of symbols used. 
Since the equation of motion of the arm is a non-linear differential equation, it 
can not be solved in closed form. A BASTC program developed by Dr. Frank Speckhart 
that uses a fourth order Runge-Kutta method \-vas 'nodi-fied to solve the equation of 
motion for the system (Appendix F). This computer model aHo\-ved Team Us to analyze 
the effects of changes in the model quickly, \-vithout the need for physically altering and 
testing the model. Although the accuracy of the computer model \-vas limited by several 
factors, including the omission of damping in the system and the system's sensitivity to 
changes in the total inertia, it provided valuable information regarding the relative effects 
of changes to the arm. In fact, it \-vas the computer model that alerted us to the fact that 
small changes in the inertia of the arm could make a significant difference in the fall 
time. 
Several variables were analyzed using the computer lTIodel to determine their 
relative effects on the fall time of the arm. The optimum values for each of these 
variables \-vere predicted from the performance trends determined by the model \-vith the 
goal of minimizing the fan time of both the 83mm and 1281nm arms while meeting the 
design specifications outlined in the Background section. The fo11owing table contains a 
list of optimum values for both the long and short anns along \-vith perfonnance of each 
configuration, as predicted by the computer model developed by Team Us. Please see 
Appendix E for variable trends. 
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Ratchet Design: 
The ratcheting limiter design adds a ratchet 'wheel, a pawl, and a cam to the 
current design. The pawl is attached to the arm, and spring loaded to produce constant 
contact with the ratchet vvhee1. The cam is rigidly attached to the ann pivoting shaft. The 
ratchet vvheel is free to spin on the arnl pivoting shaft, but its Inovement is limited to 5.5 
degrees for the long arm, and 8.1 degrees for the short ann (the a1nount necessary to 
allovv the end of the arm to move 1 cm. vertically for each case). The ratcheted ann is 
lightly spring loaded to one side of its allovved lnovelnent. 
During operation, the arm vyin feed the paper, and rise until the pa\vl meets the 
nearest notch on the ratchet vvheeL ~10vement of the arm will then be limited to the 
rotational maximum of the ratchet vvheel. This vvill allovy the end of the arm to move 1 
cm plus the distance to engage the pawl in a notch on the ratchet vvheel. The maximum 
distance the arm is aUovved to travel can almost be reduced to the distance the ratchet 
vyheel can pivot by decreasing the distance betvveen ratchet wheel notches. 
The pavvl must be disengaged before the arm can be raised, to aBovv for ~~;.r,r·r ~'"r .: 
removal. This is accomplished by the cam attached to the pivoting shaft. The shaft begins 
to pivot, the cam contacts the pa\vl, and the pavvl is lifted away from the ratchet vvheel. 
The pivoting shaft then contacts the arm lifting stop, and lifts the arm out of the paper 
tray travel area. \Vhen the arm is lovvered to the paper level, the arm vvi11 contact the 
paper before the pavvlls re-engaged vvith the ratchet vvheeL 
9 
This system will operate and recover for any paper height, and \-yill \-york for any 
ann length. The arm is minimal1y affected by the \-veight/inertia of the pawl and the 
friction behyeen the pawl and the ratchet \-yheel. 
Friction Device Designs: 
There are currently three alternative sol utions for the friction device. One 
involves simply gluing a piece of paper to the bottOtn of the tray. A probleln \-yith this 
solution is that after normal use, the paper \-vi1110se its frictional qualities. This can be 
corrected by aHo\-ving the bottom sheet to be changed periodically, ho\-vever, this \-vou1d 
violate the requirement of no user interfa~e. A second solution invo1ves that of using a 
frictional roller on the bottom of the tray. Vihen the feed arm attempts to bury itself, the 
required force to initiate friction roller movement \-yill be created, thus aHo\-ving the paper 
to feed. This solution meets the requirement of no user interface, but may not meet cost 
requirements. A final solution involves the use of a membrane that \-vill invert "when the 
normal force actl-ng on it reaches a specific value. A friction pad \-vill be attached to this 
membrane, \-vhieh \-vill be placed directly belo\-v the pick rolL As the feed arm binds on 
the last sheet, the normal force acting on the membrane will increase and invert the 
membrane, al1{)\-ving the last sheet of paper to feed. The membrane can then be reset 
upon tray remova1. This sol uti on \-vill require no user interface, and it should be }o\-v cost, 
thus satisfying both design requirements. 
10 
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Appendix D 
Mathematical Model of Paper Feed Arm 
Figure 1 
Diagram of feed arm geometry 
1) Variables 
Team Ua 
1-23-96 
ver. 1.0 
-Forces and Torques 
W=weight 
-Lengths 
-Angles 
Fs = force due to spring 
Tw = torque due to weight 
Ts = torque due to spring 
Leg = length from origin to center of gravity 
Ls = length of spring (stretched) 
LSfree = length of spring (free) 
Lsg = length from origin to spring ground point 
Lsa = length from origin to spring attachment point on ann 
XI perpendicular distance from weight vector to origin 
X2 = perpendicular distance from spring force vector to origin 
o = angle of ann with respect to horizontal reference (variable) 
0sa = angle from ann centerline to spring attachment on ann !origin line (constant) 
0sg = angle from spring attachment to ground !origin line to horizontal ref. (constant) 
(l = angle opposite Ls (variable) 
~ = angle opposite Lsg (variable) 
o = angle opposite Lsa (variable) 
2) Calculate torque due to weight 
XI = Lcrcos8 
Tw = W(Lcrcos 8) 
3) Calculate torque due to spring 
Figure 2 
Diagram of spring geometry 
-law of sines 
sin a sin J3 sin 0 
--=--=--
Ls Lsg Lsa 
-law of cosines 
LS2 = Lsg2 + Lsa2 - 2 (Lsg)(Lsa) cos a 
-angles and perpendicular distances 
a = 9sg+(8-8sa) 
P = Sin-fLsgI:ma] 
X2 = (Lsa)sinp 
-spring force ••• Assume linear spring (F=k:x) 
Fs = K~Ls- LSfRle) 
-torque due to spring 
Ts= [Ks(LS- LSfmo)r({Lsa) sin 13] 
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10· RiM savs!'runkut" 
11 PI = 3.14159 
20 REM This program uses a 4th order Runge-Kutta integration method to solve ) 
30 REM systems of first-order ordinary differential equations F. H. Speckhart 
40 DIM X(4, aO), Y{aO), Z(80), YD(80), X(100) 
41 LSG = .06: LSA = .023: W = .512: ITOT = .000236: LeG = .0622: LF = .031 
42 Xl = 29: THSG· = 1.5707: THSA = .384: M = 0 t counter 
44 'M = M + 1 'added loop 
46 'ITOT = ITOT + .00002 t change this when you change the loop 
50 FOR I = 1 TO 80: Y(I) = 0: NEXT I 
60 REM ********************************************************************** 
70 REM Enter initial conditions if different than zero 
80 Y(l) = .429' .0725 
90 REM T9 = Maximum time 
100 T9 = .3 
110 REM T8 is equal to the print interval 
120 T8 = .002 
130 REM Dl = Increment of integration step size 
140 D1 = .0005 
150 T8 = T8 I Dl 
160 REM N = number of first order equations 
170 N = 2 
180 REM ********************************************************************* 
190 FOR I = 1 TO 80 
200 Z(I) = Y(I) 
210 NEXT I 
220 T1 = 9.000001E+09 
230 T = 0 
240 GOTO 410 
250 FOR J = 1 TO 4 
260 ON J GOTO 400, 210, 320, 360 
270 T = T + D1 * .5 
280 FOR I = 1 TO N 
290 Y(I) = K(l, I) * D1 * .5 + Z{I) 
300 NEXT I 
310 GOTO 400 
320 FOR I = 1 TO N 
330 Y{I) = K{2, I) * D1 * .5 + Z(I) 
340 NEXT I 
350 GOTO 400 
360 T = T + .5 * D1 
370 FOR I = 1 TO N 
380 Y(I} = K(3, I) * D1 + Z{I) 
390 NEXT I 
400 GOSUB 580 
410 FOR JK = 1 TO N 
420 K(J, JK) = YD(JK): NEXT JK 
430 NEXT J 
440 FOR I = 1 TO N 
450 Z(I) = Z(I) + D1 * (K{l, I) + K{4, I) + 2 * (K(3, I) + K(2, I») I 6 
460 NEXT I 
410 FOR I = 1 TO N 
480 Y(I) = Z(I) 
490 NEXT I 
500 T1 = T1 + 1 
510 IF T1 <= T8 - .0002 THEN 560 
520 T1 = 0 
530 REM ********************************************************************** 
540 PRINT USING "T=#.#### Th= ###.## DEG ThD = #####.# ALPHA = ###.## "; Ti Y( 
1) I PI * 180; Y(2); ALPHA * 180 I PI " 
, 
5.41 P'iI'NT, USING. IttS·P= #.#. '" tMG = '.# .• #-#.#. tt = ### .. '.'.#. fPAPER = #.#-. #.#-#- LS=#-
' ••• tt i TSPi TMG; -TSP + TNG; FPi LS * 100 
S45 LPRINT USING- tlT=#. ##,##, Th= ##,# .. ##, ThO. = ##.##,#'. # It; T; Y (1) I PI * 180 i Y ( l) ~ 
550 REM ********************************************************************** 
555 IF Y(l) > .566 THEN 561 
560 IF T <= '1'9 THEN 250 
561 I PRINT If ITOT = "; ITOT I change this when you change the loop ****** 
562 ' PRINT USING ItT=#.#### Th= ###.## DEG ThD = #####.# ALPHA = ###.## "; T; 
Y(l) I PI * 180; Y(2); ALPHA * 180 I PI 
564 I PRINT USING "tSP= ##.### tMG = ##.### tt = ###.### fPAPER = ##.### LS 
=##. ## .. i TSP i TNG-; -TS·P + TMG; FP i LS * 100 
566 ' IF M <= 20 THEN 44 
570 END 
580 REM Start of a subroutine containing N first order differential equations58 
1 SSIN = SIN{Y(3» 
582 ALPHA = THSG + (Y(l) - THSA) 
584 LS = (LSG ~ 2 + LSA ~ 2 - 2 * LSG * LSA * COS{ALPHA» ~ (1 I 2) 
~85 TH = Y(l) 
$90 YD(l) = Y(2) 
592 TSP = Kl * (LS - LF) * (LSG· * LSA I LS) * SIN(ALPHA) 
594 TMG = W * LCG * COS(TH) 
596 FP = (TMG - TSP) I (.083 * COS(Y(l» * 9.81 * .001) 
600 'YD(2) = (W * LCG * COS(TH) - Kl * (LS - LF) * (LSG * LSA I LS) * SIN(ALPHA) ) I ITOT 
605 YD(2) = (TMG - TSP) I ITOT 
610 RETURN 
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Product Design Specification 
Team: Us 
Members: Tyler Anderson 
Rachel Hammett 
Brett Karaus 
Edward Vickers 
Version Number / Date: 3.1 / 29 FEBRUARY 1996 
Product Name or Description: Lexmark's Auto-compensator 
Summary Description (as required) 
There are currently two products being designed that will 
enhance the next generation of Lexmark International, Inc. network 
laser printers. A paper feeding mechanism known as an "auto-
compensator" and friction pads on the bottom of the paper tray will 
help to eliminate paper feeding errors by providing for a fast, 
continuous paper feed without the problem of multiple sheet feeds. 
The first product involves the redesign of the "auto-
compensator". The current design can be improved by reducing the 
feed arm "settling" time. The "settling" time refers to the time 
the arm needs to return to the paper level and be sufficiently 
stable to feed paper. The "settling" time specifies that the arm 
will be in the correct position to feed paper within 0.3 seconds. 
When this specification is achieved, consecutive sheets of paper 
feed very quickly which reduces the time that printing is stopped. 
The printing capacity of the Lexmark printers will therefore be 
greatly improved. The device is to be used in a high-volume, 
commercial machine where design for minimal parts and cost will 
have a significant effect. 
The second product consists of a redesign of the current 
friction pads located at the bottom of the paper tray. Without 
friction pads, the coefficient of friction between the last few 
sheets of paper is greater than that between the last sheet of 
paper and the paper tray. This situation creates multiple sheet 
feeds. The friction pads eliminate this problem by creating a 
higher coefficient of friction between the last sheet of paper and 
the paper tray, however, the last sheet of paper can not overcome 
the increased friction and the feed arm stalls. The new friction 
pads will ensure that the last pages feed separately while allowing 
the last sheet to feed smoothly. 
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Section li-~roduct Characteristics 
1.1 Features: Elimination of multiple sheet feeds while allowing 
the last sheet to feed correctly as well. Capabili ty 
to handle large volumes of paper (up to 500 sheets) 
with minimum spacing between pages. Capability to 
feed a variety of paper weights. 
1.2 Performance: In order to meet the specified feed rate, the arm 
must have a "settling time" of 0.3 seconds. All 
parts and the housing should be able to withstand 
continuous use over a long period of time. The 
devices' longevity must meet or exceed the ability 
to print one million sheets which is the life of the 
laser printer. 
1.3 Product Cost Target: The redesign of the auto-compensator and 
friction pads will not add more than $1 to the 
cost of the current design. All parts, assembly, and 
any programming will be included in the total cost. 
For a prototype, design and testing procedures will 
add an additional cost. 
1.4 Quality / Reliability Targets: 
Maintenance: The devices should not require 
maintenance throughout the life of the 
printer. If a part of the device does 
fail, the device should be easily 
accessible; therefore easing 
any necessary maintenance which will 
be performed by authorized Lexmark 
personnel. 
Performance: Devices should consistently feed the 
paper at a high rate without multiple 
sheet feeds. No more than I in 30,000 
sheets should be a mul tiple feed. The 
devices should be able to operate 
continuously to meet the requirements 
of use in a network laser pr inter. 
These standards should be maintained 
over the Ii fe of the printer, which is 
one million sheets. 
1.5 Aesthetics: Not an important concern since the device is 
inside the printer where the consumer will not see 
it even during paper loading. 
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1.6 Ergonomics: Use of the device should be transparent to the 
operator. Regardless of the number of operators or 
the level of their training, the device should 
maintain the same performance standards. It should 
be possible to load the paper without damaging the 
auto-compensator regardless of the user. The 
operator will not incur any damage from paper 
loading procedure. The assembly process should not 
cause any damage to the assembly technicians. 
1.7 Size: See attached sketch. The size shown is the maximum 
size because of space restrictions within the 
printer. 
1.8 Weight: Approximately 50 grams. The weight must be within a 
range that maintains a normal force on the paper 
between 5 and 15 grams. 
Section 2: Product Life Specification 
2.0 Product Life Targets: 
Product life: The auto-compensator will exceed the 
life of the laser printer, which is 
one million sheets under normal use. 
Storage time: Product may be stored for an 
indefinite time period before 
delivery. 
Section 3: Customer Use Considerations 
3.1 Installation: Product will be pre-assembled. No installation 
is necessary by the consumer. 
3.2 Documentation: Warranty information for entire printer under 
which the auto-compensator is covered. Other 
documentation applies to the entire laser printer. 
3.3 Maintenance: Customer should not need to perform any 
maintenance. 
3.4 Disposal: No hazardous materials. Auto-compensator will be 
disposed of with the laser printer as covered in the 
owner's manual. 
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Section 4: Development Considerations 
4.1 Development Time: Seven weeks to preliminary design 
completion. An additional seven weeks to working 
. prototype and testing completion. 
4.2 Use Environment: Business 
applications where 
needed. 
offices, 
a network 
other 
laser 
commercial 
printer is 
4.3 Materials Used: Plastics, steel, rubber. 
materials. 
No hazardous 
4.4 Standards / Safety: Moving parts will be isolated from the 
user. UL standards on the motor and electrical 
components will be met. 
4.5 Testing: During design phase, an analytical model will be used 
to test the different conceptual designs. After the 
prototype is built, extensive physical tests will be 
conducted to ensure that the arm meets all 
performance specifications. The tests will consist 
of a non-contact device which can measure the time 
the arm falls. Different systems that have been 
proposed are non-contact photo-diode or high speed 
photography during drop tests. The exact test 
procedures still need to be determined. They will 
be determined by March 14, 1996. 
4.6 Company Constraints: The cost will be under $11 and the 
power consumption will not exceed 
4.7 Patents / Legal: Proprietary technology. 
Section 5: Manufacturing Factors 
5.1 Process Selections: Not applicable. 
5.2 Product Volumes: The design must be conducive to production of 
units per month. 
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5.3 Product Packaging: Product will be contained within the laser 
printer. Packaging will be the printer packaging 
which should provide sufficient protection against 
transport and handling. 
5.4 Product Shipment: Product will be shipped as a part of the 
complete printer. 
Section 6: Market Factors 
6.1 Key Customer Characteristics: Product is primarily targeted 
at the business user who needs a high volume, 
network printer. The sex of the user is immaterial. 
The age of the customer is determined by the ability 
and need to operate a commercial printer. Education 
and income should not be factors for product usage. 
6.2 Competitive Conclusions: Benchmarking against other available 
commercial network printers. Product differs from 
other paper feeders because it eliminates multiple 
sheet feeds and feeds paper at a rate of 5.3 in/s. 
Product also differs from other paper feeders 
because it is able to handle a wider range of paper 
grades. 
6.3 Anticipated Market Window / Life: Market life for the printer 
should be several years due to a continual need. 
Product may change, however, to meet the 
increasingly competitive market demands. The 
printer should develop the capabili ty to print pages 
faster which may require modifications to the auto-
compensator so that a faster feed rate can be 
achieved. 
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